Abstract
Introduction
In our laboratory the demand arose for a new EPFU FMR spectrometer, along with an already present 3 tesla X-band ( 8 . 2 -1 2 . 4 GHz) spectrometer. The new spectrometer had to meet the following specifications:
the microwave frequencies to be used are in the Ka-(26.5-40 GHz) and the U-band (40-60 GHz).
-the direction of the magnetic field a : the EPYFMR sample should be adjustable between 0 and 180 .
-the possibility to do EPFUFMR measurements on large samples, up to a length of 20 mm, such as thin magnetic films.
-the sample temperature has to be controllable from room temperature down to about 4 K. Simple EPFUFMR theory must be applied to translate these needs into the requirements for the new spectrometer .
The EPWFMR measuring technique gives information, on a microscopic scale, about the atomic structure of the sample. If a sample with non-zero resultant electron-spin is placed in a magnetic field, its energy levels will split up according to the Zeeman-effect. Transitions between these Zeeman-levels can be induced by irradiating with microwaves. These transitions are detected as absorption of microwave power. The connect ion between the microwave frequency and the applied magnetic field in case of absorption follows from conservation of energy: The g-factor contains information about the atomic structure and is in principle anisotropic (a tensor) and can be temperature dependent. Substitution of the values of the physical constants and the free electron approximation, g=2.0023 and I S I = .5, shows that the microwave frequency is:
Thus with fields around a few tesla, that can be achieved in the laboratory, the required radiation will lie in the microwave region.
In the spectrometer the microwave frequency is kept constant, and +.he magnetic field is swept. Absorption is measured as a function of the magnetic field, so the g-factor(s) and thus information about the atomic structure can be determined. Further information is gained from the shape of the absorption peak. Line widths at microwave frequencies vary from a few gauss (very narrow) to several hundred gauss (broad). This puts demands upon the homogeneity of the magnetic field at the sample.
According to (11, assuming a microwave frequency independent line width, higher microwave frequencies give better resolution of the absorption as a function of the magnetic field. This is the main reason for using higher microwave frequencies. From equation ( 2 ) it follows that for microwave frequencies of 60 GHz, a magnetic field of at least 4 tesla should be used. The inhomogeneities of the magnetic field at the sample should be much less than the line width of the microwave absorption peak, otherwise a good measurement of the line shape function is not possible. For our samples this should result in a homogeneity better than 100 ppm. Because the intention was to make measurements on large samples up to 20 mm long, this homogeneity was required in a sphere @J = 20 mm. In order to study the anisotropy of the g-factor fyee r2tation of the magnetic field of at least 0 -180 was needed. In our case it was considered necessary to rotate the whole magnet with its cryostat and keep the sample fixed, if the sample temperature was to be accurately known during the experiments. To determine the temperature dependence of the g-factor the sample is cooled in a separate flow cryostat. The desired temperature range for our samples is from room tamperature down to about 4 K. The flow cryostat is another cryogenic part of the spectrometer, separate from the superconducting magnet and its cryostat, and so will also be discussed separarely. -, .
7-the magnetic field at the centre of the magnet must be at least 5 tesla. 
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It follows from div = 0 and rot 6 = 0 that the same order of homogeneity holds for the B, component in radial and axial directions. From this the conclusion is made that a homogeneity < 100 ppm is achieved in a sphere $J = 20 mm, and not only at the axis r=O. Measurements of the B, component are performed on the z-axis with a NMR magnetometer. These measurements are presented in figure 2. From this figure it is seen that a homogeneity < 100 ppm is reached on a length Az= 29.5 mm. 
Protection of the magnet
The maximum temperature in the superconducting wire after a quench, in case of adiabatic heating of the wire is obtained from: Training of the maximum current of about 10% was observed. The first quench was measured at I = 98.9 A (4.53 tesla), the second at I = 109.1 A (5.00 tesla).
The maRnet cryostat
The designed cryostat, containing the superconducting coil, has the following features: -the whole cryostat, including the superconducting coil can be freely rotated,
-the presence of a room temperature vertical access.
bore @ = 40 mm, to the test volume at the centre of the magnet, -heat exchangers, giving off heat from the radiation shields to the evaporated cold helium gas, minimize heat leak, helium gas counter-flow type.
-the magnet current leads (Imax= 110 A) are of the With this design the eva oration rate of liquid helium is determined at 1.0 lh-P ( I = O A) and at 1. 11 lh-' (I=77 A). The helium gas flow outside the cryostat at room temperature was measured and a cold gas (T = 4.2K.) correction was made for the volume of evaporated liquid helium. This evaporation rate is small enough to have intervals between refills of about 1 day, which is quite acceptable. A cross-section of the cryostat is presented in figure  3 . The cryostat bearing, vertical access to the test volume and the helium gas heat exchangers are shown. : material dependent constant (in our case high conductivity copper; 7=2.6 lo7 Am-').
For our current leads q0= 0.6 m, Io= 100 A, so it follows that A,= 2.3 m m ' .
The current leads are made of copper foil to achieve a large perimeter and thus a better heat transfer efficiency from the current lead to the cooling helium gas. The dimensions chosen are slightly oversized, 10.0*0.3 mm, for safety reasons. The calculated evaporation rate of liquid helium, for the two current leads only, is 0.29 lh-I for optimm current (I=lOO A), and 0. 19 lh-I for zero current (I=O A ) . The difference between these two values is about the same as the measured difference between loaded ( I = 7 7 A) and unloaded (I=O A) conditions. The largest heat leak is expected to be caused by the room temperature vertical access, because of the lack of a second radiation shield round this access.
A passive quench protection has been chosen. This is acceptable because the maximum final temperature T, is far lower than 300 kelvin. Pressure reliefs in the radiation shields in the inner cryostat and in the top plate are added to handle the helium boil-off after a quench safely. A rough approximation of the gas flow by the helium boil-off can be made by calculating the heat flux into the liquid helium. Using the film-boiling model of Ogata and Nakayama [SI this heat flux was roughly determined as 2.5 kW, giving a boil-off of about 1 Is-' liquid helium. This value agreed with the measured evaporation rates after the first two quenches. After these quenches during test runs, burn out of the superconducting coil did not occur and the helium gas was blown off without complications.
The flow cryostat
The flow cryostat contains two heat exchangers in the lower inner part that enable cooling of the sample. The sample is mounted in a microwave resonance cavity under the lowest heat exchanger (hell. A cross-section of the flow cryostat is presented in figure 4 . A cryogen (helium or nitrogen) flows through both heat exchangers, thereby absorbing up heat and so cooling the lower part of the inner cryostat. Heat insulation is obtained by a vacuum space with one highly polished gold plated copper radiation shield. This radiation shield has good thermal conduction to the upper heat exchanger (he2).
From measurements performed on a prototype the conclusion is that temperatures down to 5 kelvin were obtainable, although the coolant flow-resistance was rather high. In the definite version, which is in progress, the supply and outlet pipes of the coolant are enlarged. By this sufficient flow to cool down below S kelvin can be obtained. It is expected that by reducing the pressure at the outlet, the sample temperature can be lowered below 4.2 kelvin.
A normal Ka-band waveguide, WR-28, of inside dimensions 0.711*0.356 cm was used. To lower the heat leak, Invar (Nilo 36) was chosen. In the case of using U-band microwaves we have to work oversized. We use a cylindrical resonance cavity, operated in TE,,, mode (Ka-band) or TE,,, mode (U-band). Because the sample has a bad heat contact with the heat exchanger in this cavity, we have to use helium contact gas for better thermal contact.
Temperature stabilization is obtained by the large thermal mass of the heat exchangers, by controling the flow of coolant and by an electrical heater mounted on the lower heat exchanger (hell. The temperature is measured at the lower heat exchanger, using a thermocouple and carbon resistor thermometers.
The controls for tuning the resonance cavity to critical coupling can be operated from the outside, at the top of the flow cryostat. The sample is also inserted and, if desired, rotated from the outside of the flow cryostat. 
Conclusions
A 5 tesla EPWFMR spectrometer, with a superconducting magnet, was built for Ka-and U-band microwaves. It appeared to be possible to design and construct a superconducting magnet according to the following specifications :the homogeneity < 100 ppm in sphere @=20 nun, and B , , r 5 tesla. The magnetic field at the sample is freely adjustable by either rotating the magnet with its cryostat, or rotating the sample. The sample temperature is controllable from room temperature down to below 4 kelvin, using a separate special flow cryostat.
